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Summary 

This  report  presents  the  results  of  investigations  and 
calibrations  performed  during  the  certification  and  initial  use 
of  the  J-2  force  measuring  system.  The  system  accuracy  and  operating 
characteristics  were  determined  and  are  presented.  Specific  potential 
problem  areas  were  identified  and  investigated  and  the  results  are 
shown.  It  was  determined  that  the  force  measuring  systems  is 
capable  of  meeting  force  measurement  needs  resulting  from  present 
and  projected  test  article  performance  requirements. 
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1.  0  INTRODUCTION 

The  force  measuring  system  for  the  Propulsion  Engine 
Test  Cell  J-2  (Fig.  1)  of  the  Engine  Test  Facility  was 
designed  to  measure  axial  forces  produced  by  turbojet  and 
turbofan  engines  up  to  force  levels  of  70,000  lbf.  The 
present  installation  was  optimized  to  measure  axial  forces 
up  to  25,000  Ib^.  Certification  testing  of  the  force  measuring 
system  will  be  a  continuing  effort  during  engine  testing  and 
modifications  to  this  system  will  be  made  as  necessary  to 
further  improve  operation  and  accuracy. 

Several  areas  were  considered  as  potential  problem 
areas,  therefore,  specific  methods  of  calibrations  were 
designed  and  performed  to  investigate  these  areas.  The 
primary  areas  to  be  considered  were: 

1.  System  force  measurement  uncertainty 

2.  Pressure  and  temperature  effects  on  the 
measurement  load  cells. 

3.  Pressure  effect  on  test  cell. 

4.  Effect  of  off  center  thrust  stand  loading 

5.  Lab  seal  tare  effects 

6.  Cell  cooling  airflow  effect 

7.  Temperature  effects  on  thrust  stand 

8.  Thrust  stand  repeatability,  hysteresis  and  tare 

9.  Computer  thrust  calibration  and  data  reduction 
program 

The  thrust  system  calibration  results  presented  in  this 
report  were  obtained  during  engine  testing  and  system  checks 
conducted  from  August  1972  to  December  1974.  The  data  pre¬ 
sented  include  overall  system  accuracy,  as  well  as  pressure 
and  various  test  cell  effects  on  the  thrust  stand. 

The  certification  was  to  support  testing  conducted  by 
AEDC.  Under  the  Sponsorship  of  the  Aeronautical  Systems 
Division  (ASD) ,  Air  Force  Systems  Command  (AFSC) ,  Wright 
Patterson  Air  Force  Base,  Ohio  under  Program  Element  64215F. 

The  results  were  obtained  by  ARO,  Inc. ,  AEDC  Division  (a 
Sverdrup  Corporation  Company) ,  contract  operator  of  the  AEDC, 
Air  Force  Systems  Command  (AFSC),  Arnold  Air  Force  Station, 
Tennessee.  The  tests  were  conducted  in  Propulsion  Development 
Test  Cell  J-2  of  the  Engine  Test  Facility  (ETF)  under  ARO 
Project  Number  RA175,  RA299,  RA351  and  R41K-05A. 
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2.0  APPARATUS 


2.1  Thrust  System 

The  thrust  system  installed  in  the  J-2  test  cell 
consists  of  a  fixed  frame  and  a  floating  frame,  data  and 
calibrate  load  trains,  calibrator,  and  calibrator  control 
system.  The  overall  length  of  the  stand  is  26  ft  4  in. 
and  it  weighs  13,000  lb.  The  engine  and  associated  hardware 
increases  the  weight  of  the  total  system  to  20,000  lbs  in 
the  final  configuration.  Figure  2  shows  the  thrust  stand 
installation  in  the  test  cell. 

2.1.1  Thrust  Stand  Frames 

The  floating  portion  of  the  stand  is  of  box  beam 
type  construction  and  covered  on  the  outside  by  2  inches  of 
insulation.  This  stand  is  cooled  by  water  sprayed  on  the 
interior  surfaces.  The  floating  portion  of  the  stand  is 
connected  to  ground  (test  cell  wall)  at  the  aft  end  through 
the  data  load  cell  and  by  a  single  universal  flexure  in 
tension  for  vertical  support.  The  forward  end  is  supported 
by  universal  flexures  in  tension  to  the  fixed  portion  of  the 
stand.  Movement  of  the  stand  in  the  horizontal  plane  perpen¬ 
dicular  to  the  thrust  axis  is  controlled  by  side  flexures  at 
the  forward  and  aft  end  of  the  thrust  stand .  The  calibrator 
systems  are  part  of  the  floating  portion  of  the  stand  and  are 
connected  to  the  fixed  portion  of  the  thrust  stand  through 
flexures  and  a  cone  coupling  during  calibrations.  The 
calibrator  system  is  completely  free  of  the  fixed  portion  of 
the  stand  during  testing. 

The  fixed  portion  of  the  stand  consists  primarily 
of  the  forward  support  frame.  The  forward  support  frame 
(Fig.  1)  is  water  cooled  and  attached  to  the  test  cell  floor. 
The  aft  support  and  grounding  system  is  attached  directly 
to  the  top  of  the  test  cell  wall. 

2.1.2  Load  Trains 

The  floating  thrust  frame  is  connected  to  the 
fixed  frame  primarily  through  the  data  load  train.  During 
calibrations  the  calibrate  load  trains  also  provide  a  con¬ 
nection  to  the  fixed  frame.  Both  load  train  systems  (Fig.  3) 
incorporate  a  load  cell  with  universal  flexures  at  each  end  and 
are  attached  to  the  frames  by  couplings.  The  data  load  train 
located  at  the  aft  end  of  the  thrust  stand  is  permanently 
attached  to  both  the  floating  and  fixed  frames.  The  thrust 
calibrate  load  train  is  located  at  the  forward  section  of 
the  thrust  stand  and  mechanically  connected  to  the  test  cell 


only  during  thrust  stand  calibration.  The  drag  calibrate 
load  train  is  located  at  the  aft  section  of  the  thrust 
stand,  but  forward  of  the  data  load  train.  This  load 
train  is  physically  located  inside  the  floating  box 
beam  structure.  The  connection  to  the  fixed  frame  is  pro™ 
vided  through  flexures  on  parallel  pull  rods  along  the 
side  of  the  aft  end  of  the  stand  when  the  drag  calibrator 
is  being  used. 

2.1.3  Calibrators 

A  screw  jack  driven  by  an  electric  motor  in  both 
the  thrust  and  drag  calibrator  mechanisms  (Fig.  3)  applies 
forces  to  the  system  through  a  series  of  levers  and  pull  rods 
The  thrust  calibrator  load  cell  is  loaded  in  tension  which 
loads  the  data  load  cell  in  tension  and  corresponds  to  the 
direction  of  a  positive  engine  thrust  load.  The  drag  cali¬ 
brator  load  cell  is  loaded  in  tension  which  loads  the  data 
load  cell  in  compression  and  corresponds  to  the  direction 
of  an  engine  drag  load. 

The  calibration  system  has  the  capability  of  inplac 
calibrating  the  data  load  train  using  a  working  standard 
calibrator  load  cell.  The  calibrations  are  performed  auto¬ 
matically  in  the  thrust  and  drag  directions  during  normal 
pre  and  post  test  calibrations.  The  system  also  has  the 
capability  of  performing  1)  a  force  load  calibration  check 
at  any  load  level  or  cell  pressure  level  with  the  engine  off 
and  2)  a  tare  slope  check  by  applying  a  one  point  null  load 
while  the  engine  is  operating. 

2.1.4  Calibrator  Control 

An  electronic  system  located  in  the  J-2  control 
room  energizes  and  de-energizes  the  calibrator  to  provide 
the  automatic  calibration  feature  of  the  calibration  system. 
Upon  actuation  of  this  system,  the  data  load  cell  in  the 
thrust  stand  is  calibrated  from  the  no™ load  or  null  posi¬ 
tion  to  full  load  in  the  drag  direction  (-10,000  lbs 
compression)  to  null,  to  full-load  in  the  thrust  direction 
(20,000  lbs  tension),  and  back  to  null.  After  completion 
of  the  calibrate  cycle,  the  calibrator  is  deactivated. 

The  time  required  for  a  complete  calibration  cycle  is 
approximately  4  minutes.  In  addition  to  the  automatic  slow 
sweep  calibration,  the  calibrator  control  can  be  used  to 
set  and  hold  known  tension  or  compression  loads  on  the 
thrust  systems.  The  maximum  force  and  drag  calibrate  levels 
are  variable  and  can  be  adjusted  to  desired  levels  with  meter 
readouts . 


2.1.5  Engine  Centerline  Force  Application 

Thrust  system  checks  were  made  by  applying  forces 
at  the  engine  centerline  location  with  a  simulation  of  the 
engine  weight  installed.  The  forces  were  applied  using 
a  hydraulic  force  unit  and  were  set  at  predetermined  levels 
from  0  to  25,000  lbs  in  the  thrust  direction.  This  calibra¬ 
tion  was  performed  twice,  once  using  a  working  standard 
from  the  ARO  Technical  Services  Division  (TSD)  standards 
laboratory  and  once  using  the  J-2  calibrator  load  cell  to 
measure  the  applied  forces . 

2 . 2  Test  Cell 

The  Propulsion  Development  Test  Cell  (J-2) (Fig.  1) 
is  water-cooled  and  has  a  20-f t-diameter  by  69“ft~long 
test  section .  The  180-deg  clam  shell  hatch  is  35  ft,  4  in . 
in  length  and  opens  30  deg  beyond  the  cell  vertical  center- 
line  to  allow  for  easy  entry  of  the  test  article.  Additional 
information  on  the  test  cell  can  be  found  in  the  Test 
Facilities  Handbook. * 


2.3  Installation 

The  general  arrangement  of  the  engine  and  thrust 
stand  insta lied  in  the  J-2  test  cell  is  shown  in  Fig .  1 . 

The  engine  was  attached  to  the  floating  frame  of  the  thrust 
stand  with  a  box  beam  structure  so  that  the  engine  centerline 
was  approximately  9  ft  below  the  thrust  stand  centerline. 

An  additional  structure  was  located  forward  of  the  box  beam 
structure  to  carry  the  weight  of  the  inlet  ducting  directly 
to  the  floating  stand .  The  stand  was  isolated  from  the 
fixed  inlet  ducting  by  a  labyrinth  ( lab)  seal  in  the  engine 
inlet  ducting . 

The  lines  attached  to  the  engine  and  the  floating 
f rame ,  such  as  fuel  lines,  starter  air  line,  and  stand  water¬ 
cooling  line  were  brought  in  at  right  angles  to  the  direction 
of  axial  movement .  The  starter  air  line  was  a  flexible  line 
and  the  fuel  line  was  a  hard  line  (Fig.  4a) .  The  pneumatic 
pressure  lines  are  hard  lines  to  a  disconnect  panel  (Fig.  4b) 
attached  to  the  floating  portion  of  the  stand .  The  hard 
lines  provided  better  repeatability  of  tare  loads  even  though 
they  produced  a  higher  tare  load  than  flexible  lines  would . 


,  *Test  Facilities  Handbook  (Eleventh  Edition) . 

Engine  Test  facility,  Vol.  2."  Arnold  Engineering 
Development  Center,  June  1979. 
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An  automatically  pressure-balanced  labyrinth 
seal  (Fig.  4c)  was  used  between  the  engine  inlet  ducting 
and  the  engine  inlet  bellmouth .  The  bellmouth  is  attached 
to  the  test  cell  inlet  air  ducting.  With  this  type  seal, 
no  additional  tare  forces  are  introduced  between  the  engine 
inlet  duct  and  the  test  cell  ducting.  The  normal  mode  of 
operation  is  to  have  BP-1  (Fig.  4d)  set  equal  to  the  average 
of  the  lab  seal  wall  static  pressures  which  would  result  in 
a  no  flow  balance  condition.  Specific  test  conditions  such 
as  sea  level  static  would  require  PB~4  to  be  balanced  against 
cell  pressure  and  lab  seal  air  flow  to  maintain  this  balance 
would  flow  into  the  engine  inlet  duct  and  would  be  measured  by 
an  orifice  in  the  lab  seal  airflow  supply  line. 

2.4  Instrumentation 

Instrumentation  was  required  to  measure  force, 
pressure,  stand  deflection  and  thrust  stand  and  load  cell 
temperatures.  Instrumentation  locations  were  as  shown  in 
Fig.  5. 


The  force  measuring  system  utilized  three  dual 
bridge  strain  gage-type  load  cells.  The  data  load  cell  was 
a  20,000  lb  load  cell  and  was  inplace  calibrated  for  each 
test  period.  The  thrust  and  drag  calibrate  load  cells 
were  20,000  lb  load  cells  and  were  working  standard  load 
cells  which  were  periodically  calibrated  against  a  secondary 
standard  by  the  TSD  standards  laboratory.  The  standards  are 
directly  traceable  to  NBS. 

Pressure  measurements  were  made  with  strain  gage 
type  pressure  transducers  which  were  inplace  calibrated  with 
a  precision  quartz  pressure  gage  instrument.  Temperatures 
were  measured  with  thermocouples  which  were  calibrated  by 
millivolt  substitution,  pre  and  posttest.  Thrust  stand 
deflections  were  measured  by  0-  to  0.1-in.  precision-dial 
indicators.  These  indicators  are  accurate  to  the  nearest 
0.001  in.  and  are  checked  periodically. 

2.5  Data  Conditioning  and  Recording 

Force,  pressure  and  temperature  data  were  recorded 
on  a  high  speed  digital  data  acquisition  system  (DDAS) .  The 
system  digitizes  at  a  20,000  samples  per  second  rate.  Normal 
channel  sample  rate  is  100  samples  per  second  per  channel. 
Pressures  were  recorded  through  the  scanner  valves  which  were 
controlled  by  the  DDAS.  Temperatures  were  routed  to  either 
continuous  recording  channels  or  to  low  speed  multiplexers 
for  sampling. 

All  DDAS  data  were  recorded  on  magnetic  tape  and 
were  either  routed,  on-line,  to  the  data  reduction  computer 
for  processing  and  printout  or  were  processed  off-line  at 
a  later  time. 
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Thrust  system  calibrations  were  recorded  and 
processed  in  this  manner  and  were  controlled  by  the  thrust 
system  calibrator  located  in  the  control  room.  Thrust 
calibrations  are  made  automatically  by  loading  the  thrust 
system  continuously  first  in  the  drag  direction,  then  to 
null,  loading  in  the  thrust  direction,  then  to  null  while 
automatically  recording  the  outputs  of  the  calibrate  and 
data  load  cells  with  the  DDAS, 

3 . 0  PROCEDURE 

3.1  Thrust  System  Calibrations 

Prior  to  and  following  each  engine  test  period, 
automatic  thrust  system  calibrations  were  obtained  using 
the  J-2  thrust  system  calibrator.  During  these  calibrations 
the  test  cell  was  at  ambient  pressure  conditions  and  the 
engine  was  not  operating.  The  cell  and  thrust  stand  cooling 
water  was  turned  on  several  hours  before  calibration  to  allow 
cell  wall  and  thrust  stand  temperatures  to  stabilize. 

3.2  Tare  and  Deflection  Checks 

A  tare  load  was  calculated  at  each  force  level 
during  the  inplace  calibration.  This  tare  load  was  not 
used  in  the  processing  of  the  engine  scale  force  measure¬ 
ments,  but  was  used  only  for  analysis  of  the  stand  and 
data  processing  system.  During  the  buildup  and  installation 
phase  in  J-2  test  cell  this  tare  measurement  was  used  to 
check  the  installation  of  each  major  component  such  as  the 
fuel  line  and  the  lab  seal  systems.  This  monitoring  helped 
determine  the  amount  of  tare  and  its  repeatability  for  each 
system  as  it  was  installed.  The  deflection  versus  load  applied 
was  determined  after  the  installation  of  all  of  the  major  com¬ 
ponents  was  completed  (Fig.  6).  The  deflection  was  measured 
at  the  aft  end  of  the  thrust  stand  to  determine  the  movement 
of  the  stand  in  relation  to  the  stand  wall . 

3.3  Thrust  Stand  Alignment  Checks 

Thrust  stand  optical  alignment  checks  were  performed 
by  the  TSD  standard  laboratory  during  and  after  installation 
of  the  thrust  stand.  The  optical  alignment  utilized  points 
on  each  of  the  two  flexures  in  each  load  train  and  reference 
points  on  the  test  cell.  Checks  were  made  in  both  the  hori¬ 
zontal  and  vertical  reference  plane  at  each  point. 


3 . 4  Engine  Centerline  Force  Application 

The  engine  centerline  force  application  test 
was  conducted  without  the  engine  installed,  A  tank  was 
installed  and  filled  with  water  to  simulate  the  engine 
weight?  and  force  was  applied  in  the  thrust  direction  at 
the  engine  centerline  (Fig,  7).  The  force  level  applied 
was  determined  with  the  calibrate  load  cell  located  on 
the  engine  centerline.  The  force  transmitted  through  the 
thrust  stand  was  measured  with  the  data  load  cell  and  the  DBAS, 
These  forces  were  compared  to  the  load  transmitted  through 
the  force  system  with  equivalent  loads  applied  in  the  normal 
calibrate  position.  The  loads  were  applied  in  5,000  Ibf 
increments  from  0  to  20,000  lbs, 

3.5  Pressure  Calibrations 

Pressure  effects  on  the  load  cells  were  determined 
by  the  TSD  laboratory  by  varying  the  load  cell  ambient  pres- 
sure  and  measuring  the  equivalent  force  output. 

The  effects  of  pressure  on  the  test  cell  and  the 
thrust  stand  were  obtained  with  the  thrust  stand  in  the 
no-load  or  null  position  and  the  engine  installed,  but  not 
operating.  The  test  cell  was  evacuated  to  a  particular 
pressure  level  and  thrust  system  data  were  obtained.  Data 
were  obtained  at  several  pressure  levels  during  several  air 
periods . 

3.6  Data  Acquisition  and  Reduction 
3.6.1  Automatic  Calibration 


The  thrust  system  was  automatically  calibrated 
in  approximately  4  minutes.  During  the  slow  sweep  traverse 
of  the  thrust  system,  one  record  of  data  was  obtained  every 
2.5  sec.  This  record  consists  of  10  samples  of  each  thrust 
channel  and  averaged  over  a  time  interval  of  0,2  sec.  The 
six  channels  of  thrust  data  were  sampled  consecutively  and 
the  time  to  acquire  one  sample  of  all  6  data  channels  was 
3  x  10~4  seconds.  During  the  thrust  portion  of  the  cali¬ 

bration  in  which  the  load  is  applied  from  0  to  20,000  Ibf  and 
back  to  0,  approximately  35  of  these  data  records  are  obtained. 
Each  record  averages  a  load  change  of  approximately  120  Ibf. 
These  records  are  fit  with  a  least-squares,  second-order  curve 
with  separate  curves  for  each  calibrate  load  cell  bridge  in 
both  the  tension  and  compression  directions.  The  data  are 


processed  so  that  the  average  of  the  calibrate  load  cell  bridges 


are  curve  fit  against  each  of  the  two  bridges  of  the  data  load 


cell  bridges. 
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A  format  of  the  thrust  system  data  obtained 
during  a  calibration  is  shown  in  Appendix  A.  An  explanation 
of  each  column  is  included.  During  each  calibration ,  curve 
fit  deviation  of  tare  load  and  zero  levels  were  obtained 
so  that  any  changes  from  previous  calibrations  were  immediately 
evident . 

3,6.2  Steady-State  Data  Points 

During  a  typical  steady-state  data  point ,  force 
data  were  obtained  at  the  same  interval  as  pressure  data . 
Pressure  and  force  data  were  obtained  at  each  of  ten  scanner 
valve  positions  that  together  constituted  a  steady-state 
data  point  and  covered  a  time  interval  of  approximately 
90  sec .  Dat a  obtained  at  each  valve  position  consisted 
of  three  records  covering  a  time  interval  of  five  seconds . 

Two  of  the  three  records  consisted  of  ten  samples  of  the 
thrust  data  and  the  other  record  contained  nine  samples , 

Each  of  the  records  covers  a  time  interval  of  0 . 2  sec . 
Therefore,  each  data  point  consisted  of  290  samples  of  each 
channel  of  thrust  data,  which  are  averaged  for  a  value  of 
thrust . 


The  six  thrust  values  obtained  from  four  calibrate 
load  cell  bridges  and  two  data  load  cell  bridges  were  printed 
out  for  each  data  point .  This  printout  allowed  the  calibrate 
load  cells  to  be  monitored  during  testing  to  insure  that  no 
load  was  inadvertently  being  applied  with  the  calibrate  system. 
This  system  also  allowed  for  direct  comparison  of  a  calibrate 
load  with  a  data  cell  load  at  a  particular  level  with  the 
engine  not  operating. 


4.0  RESULTS  AND  DISCUSSION 

Certification  test  data  of  the  J-2  thrust  system 
defining  the  operating  characteristics  of  the  system  were 
obtained  prior  to  and  during  the  engine  testing . 

The  system  uncertainty,  repeatability,  hysteresis  and  tare 
loads  were  defined .  Necessary  adjustments  to  measured  force 
data  were  determined  and  formulated .  Continual  verification 
of  these  adjustments  are  accomplished  during  testing  by 
various  thrust  system  checks . 
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4.1  Thrust  Systems  Uncertainty 

The  uncertainty  in  thrust  system  measurement 
was  calculated  using  procedures  as  outlined  in  AEDC 
TR-73-5*  and  CPIA  No.  180**  as  applicable.  The  data  were 
obtained  during  system  certification  checks  and  while  con¬ 
ducting  engine  testing.  Table  I  presents  the  uncertainty 
values  in  the  form  of  bias  (b)  and  the  precision  index  (ts) 
at  the  95  percent  confidence  level.  The  uncertainty  varies 
from  19  to  33  Ibf  over  the  force  range  of  0  to  20,000  Ibf. 

The  uncertainty  analysis  was  accomplished  by 
evaluating  various  components  of  the  thrust  system  and 
combining  the  errors  obtained  for  each.  The  specific 
areas  considered  were: 

1)  Laboratory  standard 

2)  Calibrate  load  cell 

3)  Thrust  system  repeatability 

4)  Data  load  cell  characteristics 

4.2  Thrust  System  Characteristics 
4.2.1  Laboratory  Calibrations 

The  load  cells  were  periodically  calibrated  at 
the  TSD  standards  laboratory  to  maintain  current  records 
on  the  loadcell  characteristics.  The  results  of  a  typical 
calibration  are  presented  in  Fig,  8,  which  shows  millivolts 
for  applied  load,  maximum  non-linearity,  maximum  hysteresis, 
non-repeatability  and  equivalent  load  for  resistance  cals. 

The  load  cell  and  TSD  calibration  system  repeatability  over 
several  calibrations  is  shown  in  Figure  9  a,  b,  and  c  for 
the  data  load  cell,  thrust  calibrate  and  drag  calibrate  load 
cells,  respectively.  The  precision  of  these  data  at  a  95  per¬ 
cent  confidence  level  is  3.5  lbs  over  the  range  of  from 
0  to  25,000  lbs  indicating  that  the  load  cells  are  very 
repeatable  from  calibration  to  calibration.  Typical  load 
cell  non-linearity  characteristics  are  shown  in  Figure  10 
(a  thru  c)  for  all  three  load  cells.  The  nonlinearity  was 
repeatable  and  due  primarily  to  the  hysteresis  in  the  load 
cells.  The  hysteresis  is  less  than  0.02  percent  of  full 
scale . 


Abernathy,  R.  B. ,  Thompson,  J.  W.,  Jr.,  et  al. ,  "Handbook, 
Uncertainty  in  Gas  Turbine  Measurements."  AEDC“TR“73“5 
(AD755356),  January  1973. 

**ICRPG  Handbook  for  Estimating  the  Uncertainty  in  Measurements 
Made  with  Liquid  Propellant  Rocket  Engine  Systems.  Chemical 
Propulsion  Information  Agency,  CPIA,  No.  180,  April  1969. 


9 


4.2. 1.1  Load  Cell  Temperature  Calibration 

The  data  and  calibrate  load  cells  were  calibrated 
at  TSD  to  determine  the  effect  of  temperature  on  the  load 
cell  sensitivity  (relationship  of  load  applied  and  millivolt 
output).  Calibrations  were  performed  at  several  temperatures 
at  load  levels  of  10,000  and  25,000  lbf .  Deviations  in 
sensitivity  from  a  reference  calibration  are  shown  in 
Figure  11  for  two  load  cells.  No  trend  of  variation  in 
sensitivity  is  evident  as  a  function  of  load  cell  temperature. 
The  variation  of  the  load  cell  zero  level  as  a  function  of 
load  cell  temperature  exhibits  a  definite  trend,  as  shown 
in  Figure  12,  for  the  three  load  cells  used.  Since  this  trend 
was  characteristic  of  each  load  cell  tested,  it  should  be 
assumed  that  any  load  cell  zero  level  may  be  sensitive  to 
temperature  and  should  be  calibrated  for  these  effects. 

The  zero  shift  is  approximately  0.5  lb  per  °F,  therefore,  a 
requirement  was  implemented  to  control  the  load  cell  tempera¬ 
ture  to  within  ±5°F  of  the  temperature  existing  at  calibration 
during  all  engine  tests. 

4.2. 1.2  Off-Axis  Loading 

A  laboratory  calibration  was  performed  to  evaluate 
the  effect  of  off-axis  loading  resulting  from  having  the 
load  cells  misaligned,  A  10,000  lbf  load  was  applied  with  a 
known  axial  misalignment  of  two  degrees  and  the  measured  out¬ 
put  was  compared  to  a  reference  calibration. 

Figure  13  shows  the  deviation  from  the  reference 
calibration  resulting  from  the  misalignment  for  three  load  cells 
installed  in  the  J-2  thrust  stand.  The  effect  for  two  of  the 
load  cells  was  15  lbf  and  about  35  lbf  for  the  other  load  cell 
which  was  0.15  and  .35  percent  of  applied  load.  These  were  for 
a  2°  off-axis  loading,  therefore,  the  allowable  alignment 
tolerance  was  set  at  ±15  minutes  of  arc  for  all  load  cell 
components . 


With  the  load  cell  in  the  off-axis  calibration  rig 
the  load  cell  was  rotated  about  its  axial  centerline  and  the 
loading  was  repeated.  The  deviation  of  the  loading  for  the 
three  positions  from  zero  (90°,  180°,  270°)  are  shown  in 
Figure  13b.  The  scatter  in  the  data  is  on  the  same  order  of 
magnitude  as  any  effect  of  rotation.  The  maximum  effect  due 
to  rotation  is  ”8  lbf . 

4.2, 1.3  Adapter  Torque 

During  load  cell  calibrations,  load  cell  shifts  were 
noticed  after  installing  the  adapters.  Further  investigation 
revealed  that  adapter  torque  effected  both  the  zero  level  and 
slope  of  the  load  cell  output.  Because  of  this  effect,  a 
requirement  was  made  that  all  adapters  installed  in  the  J-2 
load  cells  be  uniformly  torqued  to  2000  in. “lbs  before 
laboratory  calibration. 
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4 . 3  Thrust  System  Installation  Checks 

System  checks  were  performed  during  the  installa¬ 
tion  of  the  thrust  system  to  insure  that  this  system  would 
meet  test  requirements.  The  system  was  checked  for  align¬ 
ment,  pressure  effects,  repeatability  and  linearity. 

4.3.1  System  Alignment 

Alignment  points  were  provided  on  the  stand  hard¬ 
ware  during  its  construction  to  aid  in  checking  the  component 
alignment  after  installation.  The  results  of  the  alignment 
certification  performed  by  the  TSD  standards  lab  is  shown 
in  Figure  14.  The  largest  deviation  from  the  centerline  is 
0.071  inches  which  is  equivalent  to  an  angle  of  less  than 
8  minutes  of  arc.  This  deviation  was  judged  to  be  small 
enough  to  be  acceptable. 

4.3.2  Pressure  Effect 

The  load  cells  were  sealed  units  and  were,  therefore, 
affected  by  environmental  pressure  changes.  The  test  cell 
being  20  ft  in  diameter  must  withstand  larger  compressive 
forces  with  ambient  pressure  on  the  outside  and  pressures  as 
low  as  2  psia  on  the  inside.  Any  effects  that  these  large 
forces  have  on  the  scale  force  measurement  in  the  test  cell 
must  be  evaluated.  The  pressure  effect  on  the  load  cell  was 
determined  by  a  calibration  of  the  load  cell  in  a  pressure 
chamber.  The  pressure  effect  as  determined  from  the  laboratory 
calibration  was  compared  to  data  obtained  with  the  load  cell 
and  thrust  stand  installed  in  the  test  cell  and  the  test  cell 
at  various  pressure  altitude  conditions.  Figure  15  shows 
this  comparison  over  a  pressure  range  of  0.1  psia  to  atmospheric 
conditions.  The  data  from  the  laboratory  calibration  and  the 
data  obtained  from  the  test  cell  installation  agree  within 
the  precision  of  the  data  in  the  pressure  range  of  major 
interest  (3  to  6  psia).  This  indicates  there  is  no  significant 
force  interaction  resulting  from  the  pressure-area  force  acting 
on  the  test  cell. 


4.3,3  Centerline  Calibration 


The  calibration  loads  applied  above  the  engine  centerline 
prior  to  each  test  period  are  assumed  to  be  the  equivalent  of 
a  load  applied  by  the  engine  at  its  centerline.  A  calibration 
was  performed  to  certify  that  a  load  applied  by  the  calibration 


system  at  a  point  other  than 


the  engxns 


centerline  is  equiva¬ 


lent  to  an  engine  applied  load  (Fig.  7).  Tare  loads  are 
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compared  from  these  calibrations  to  provide  this  certifica¬ 
tion.  The  difference  in  the  force  applied  by  the  calibra¬ 
tion  system  and  the  force  measured  by  the  data  load  cell 
is  defined  as  the  tare. 

The  tare  force  calculated  with  the  force  applied 
at  the  standard  calibration  point  and  the  tare  force  calculated 
with  the  force  applied  at  the  engine  centerline  is  shown  in 
Figure  16,  It  is  evident  from  the  comparison  that  there  is 
no  discernible  effect  of  applying  the  force  at  the  calibrate 
position  rather  than  at  the  engine  centerline.  Therefore, 
the  engine  applies  the  same  load  to  the  data  load  cell  as 
the  calibrate  system. 

4.3.4  Labyrinth  Seal 

The  labyrinth  seal  shown  in  Figure  4c  allows  the 
inlet  ducting  connected  directly  to  the  engine  to  move 
freely  with  respect  to  the  bellmouth  ducting.  The  lab 
seal  is  positioned  before  testing  by  positioning  rods  which 
are  remotely  controlled  to  provide  a  specific  radial 
clearance  from  the  duct.  An  electric  signal  is  monitored 
during  testing  that  provides  an  indication  of  contact  between 
the  lab  seal  and  the  inlet  ducting.  Special  test  procedures 
are  used  to  assure  that  the  lab  seal  is  correctly  positioned 
so  as  to  produce  no  tare  effect  on  the  thrust  system  prior 
to  each  test  period.  In  addition,  the  air  used  to  balance  the 
lab  seal  is  vented  radially  into  the  test  cell  to  eliminate  any 
pressure  area  effect  on  the  system. 

4.3.5  Cell  Cooling  Airflow 

Cooling  air  is  supplied  to  the  test  cell  from 
either  the  upstream  plenum  or  atmosphere  to  provide  a 
positive  flow  of  air  through  the  test  cell  into  the  exhaust 
gas  diffuser.  The  air  is  supplied  by  16  orifices  equally 
spaced  around  the  upstream  circumference  of  the  20’  test 
cell  duct.  The  total  cooling  airflow  is  on  the  order  of 
20  Ib/sec.  This  flow  in  the  20  ft  diameter  test  cell  produces 
a  velocity  that  is  incapable  of  producing  a  significant  force 
on  the  thrust  system. 

4.3.6  Temperature  Effect  on  the  Thrust  Stand 


The  thrust  stand  is  of  box  beam  type  construction 
that  utilizes  water  sprayed  on  the  internal  surface  and  2 
inches  of  external  insulation  for  temperature  control.  The 
stand  is  instrumented  for  temperature  effects  as  shown  in 
Figure  5b  and  c  and  the  box  beam  with  insulation  is  shown 


in  Figu] 


.a.  The  drag  calibrator  and 


it  data  link 


mechanism  are  located  in  areas  of  the  box  beam  that  are 
protected  from  the  water  spray. 
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The  thrust  data  link  is  instrumented  for  tempera¬ 
ture  as  shown  in  Figure  5c.  A  nitrogen  purge  system  was 
provided  for  the  cavity  containing  the  thrust  data  link 
(Fig.  3)  to  aid  in  temperature  control  of  the  data  load 
cell  and  its  linkage.  The  temperature  control  of  the  por¬ 
tion  of  the  linkage  from  the  data  load  cell  that  extends 
beyond  the  stand  box  beam  to  the  cell  ground  is  achieved  by 
flowing  water  through  copper  tubing  wrapped  around  the 
linkage. 

4.4  Test  Results 

The  data  obtained  during  testing  provided  information 
relative  to  system  zero  repeatability,  calibration  repeatability, 
time  shifts ,  and  system  precision.  The  force  system  was  in- 
place  calibrated  as  part  of  the  pretest  and  posttest  calibra¬ 
tion  procedure. 

4.4. 1  Inplace  Calibration  Repeatability 

The  thrust  system  calibration  and  analysis  is 
described  in  detail  in  Appendix  A .  The  calibration  results 
in  a  second  degree  curve  that  relates  the  reference  applied 
force  to  the  force  measured  by  the  data  load  cell .  This 
relationship  must  stay  constant  while  testing  to  ensure 
accurate  force  data.  Calibrations  taken  during  pretest 
preparations  can  be  compared  to  calibrations  obtained  post" 
test  to  measure  this  repeatability.  Data  from  several  cali¬ 
brations  indicate  that  the  calibration  system  repeats  zero 
within  ±10  Ibf  and  has  a  precision  index  of  tgs  =  ±9.24  lbf . 
Comparisons  of  three  typical  calibrations  showing  the  differ¬ 
ences  from  pre  to  posttest  as  a  function  of  applied  load  is  shown 
in  Figure  17. 

4.4.2  Data  Load  Cell  Disagreement 

The  data  load  cell  has  two  bridges  and  these  outputs 
are  recorded  as  FA1  and  FA2 .  These  are  averaged  for  a  value 
of  scale  force  for  each  data  point .  The  difference  in  these 
two  bridges  is  an  indication  of  the  load  cell  precision  and 
is  shown  in  Figure  18  to  be  within  ±10  lbf . 

4.4.3  Applied  Load  Test 

The  J-2  force  calibration  has  the  abi lity  of  applying 
a  load  on  the  data  system  at  any  time.  This  feature  was  used 
to  perform  an  applied  load  test  during  several  air  periods . 

The  applied  load  test  is  performed  after  calibrations  are  made 
for  an  engine  test  period .  A  predetermined  fixed  load  is  set 
using  the  force  loading  system  and  a  standard  data  point  is 
recorded  and  processed  with  the  data  system.  The  data  system 
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provides  a  reading  from  the  data  load  cell  which  utilizes 
the  pre-test  calibrations.  This  is  compared  to  the  value 
of  the  load  applied  with  the  loading  system,  and  any  differ¬ 
ences  are  noted.  These  differences  are  plotted  in  Figure  19 
for  several  test  periods  and  provide  an  indication  of  re¬ 
peatability  of  ts  <=  ±25  lbf  at  the  95  percent  confidence 
level. 


5.0  SUMMARY  OF  RESULTS 

The  results  of  this  thrust  measurement  system  certi¬ 
fication  may  be  summarized  as  follows : 

1.  The  force  systems  uncertainty  varies  from  19  to  33  lbf 
over  the  force  range  of  0  to  20,000  lbf . 

2 .  Thrust  stand  repeatability  was  determined  to  be  within 
±17  lbs  with  a  hysteresis  loop  of  15  lbs  and  a  tare 
load  of  75  lbs  at  a  calibration  level  of  20, 000  lbs . 

3 .  The  engine  applies  the  same  load  to  the  data  load  cell 
as  the  calibrate  systems  even  though  the  engine  is 
approximately  9 '  below  the  centerline  of  the  data  load 
cell. 

4.  Pressure  effects  on  the  test  cell  were  determined  to  be 
insignificant . 

5.  Cell  cooling  airflow  effects  were  determined  to  be 
insignificant . 

6.  The  thrust  calibration  program  provides  information 
on  system  tare,  repeatability  linearity  and  pertinant 
information  on  both  calibrate  load  cells  and  data 
load  cells . 

7.  The  lab  seal  balance  airflow  produces  no  tare  effects 
and  the  mechanical  alignment  system  eliminates  mechanical 
tare. 

8.  Thrust  stand  temperatures  can  be  controlled  by  water 
cooling  and  external  insulation  for  all  altitude  test 
conditions . 
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APPENDIX  A 

THE  J-2  INPLACE  THRUST  CALIBRATION  PROGRAM 

The  calibration  takes  approximately  three 
minutes  for  both  the  thrust  and  drag  directions  and  the 
data  system  records  100  records  equally  spaced  during 
this  time  interval.  The  record  number  of  each  record 
appears  under  the  heading  of  "Rec .  No. "  on  the  first 
column  of  Fig.  A1  through  Fig.  A6.  Figures  A5  and  A6 
present  the  data  from  the  drag  portion  of  the  calibration 
which  is  conducted  first;  therefore,  the  record  numbers 
begin  at  three  and  go  through  34.  Figure  A5  contains  the 
data  for  the  applied  drag  load  and  the  drag  force  measured 
with  FA~1.  Figure  A6  contains  the  data  for  the  same  applied 
load  and  the  drag  force  measured  with  FA-2.  Figure  A1  thru 
Fig.  A4  contain  the  data  for  the  applied  thrust  load  and  the 
record  number  goes  from  36  through  100.  Figures  A1  and  A2 
apply  to  the  thrust  force  measured  with  FA-1  and  Figs.  A3 
and  A4  apply  to  the  thrust  force  measured  with  FA-2.  The 
thrust  loading  cycle  will  be  discussed  first.  A  thrust 
force  applied  to  the  stand  by  the  gear  mechanism  is  trans¬ 
mitted  through  the  calibrate  load  cell.  The  counts  from 
FACT-1  and  FACT-2  during  the  thrust  loading  are  tabulated 
in  the  2nd  column,  Fig.  A1  (FACT-1,  channel  number  72) 
and  Fig.  A3  (FACT-2,  Channel  Number  73).  A  set  of  resistance 
cals  (R-Cal)  is  applied  to  these  count  levels  to  convert 
the  counts  to  lbs  of  applied  force  for  FACT-1  and  FACT-2. 

These  are  both  estimates  of  the  same  applied  force  so  the 
two  calculated  forces  are  averaged  and  the  average  is 
tabulated  in  Column  4,  Fig.  A1  (FACT  AVG.  APP.  R-CAL  LD) 
and  Col.  4,  Fig.  A3.  The  deviation  of  each  reading 
(FACT-1  and  FACT-2)  from  this  average  is  tabulated  in 
Column  3,  Fig.  Al,  and  Column  3,  Fig.  A3.  This  deviation 
is  used  to  check  the  agreement  of  the  two  bridges  of  the 
cal  load  cell.  Eighty  to  ninety  percent  of  these  deviations 
should  be  below  15  lbs  to  have  good  agreement  between  the 
two  bridges.  When  the  deviations  are  random  (+)  and  (-), 
it  is  a  result  of  noise  and  can  be  averaged  out  if  the 
deviation  is  biased  either  (+)  or  (-)  it  is  a  result  of  the 
R-cals  for  one  of  the  bridges  varying  from  the  norm. 

Column  5,  Fig.  Al,  is  a  tabulation  of  the  counts 
from  the  data  load  cell  (FA-1  Bridge  A)  and  to  obtain  the 
relationship  of  the  applied  load  to  the  measured  data  a  least 
square  curve  fit  is  obtained  of  load  applied  as  a  function  of 
measured  counts  (Col.  4  vs.  Col.  5).  This  curve  fit  is  of  the  form 
of  F  =  A  +  BX  +  CX2  and  the  constants  (A,  B,  C)  are  tabulated 
directly  above  Columns  2  through  5  and  titled  "Positive  Thrust 
Coefficients"  (Fig.  Al).  These  coefficients  relate  FA-1  to 
the  applied  load  and  to  evaluate  the  goodness  of  curve  fit 
the  curve  is  applied  to  Col.  5  to  determine  an  FA-1  calculated 
load  (Col.  6).  The  difference  in  the  applied  load  (Col.  4) 
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and  the  calculated  load  (Col.  6)  is  determined  and  tabu¬ 
lated  (Ibf )  in  Col.  7  titled  "error. "  This  represents  the 
curve  fit  error  and  is  also  tabulated  in  Col.  8  in  percent 
of  30,000  Ibf.  The  curve  fit  is  also  evaluated  at  a  no- 
load  condition  (RN-0)  to  determine  its  zero  force  intercept. 

The  count  level  at  RN”Q  is  used  in  the  equation  to  obtain 
the  value  titled  RN-0  shown  above  Col.  10,  Fig.  A1  and  should 
be  10  lbs  or  less.  The  value  titled  "CXX"  tabulated  to  the 
left  (Fig .  Al)  of  the  KN^O  value  represents  the  nonlinearity 
of  the  2nd  degree  curve  The  primary  purpose  of  the  inplace 
thrust  calibration  is  to  obtai n  the  coefficients  for  the 
2nd  degree  curve ;  however,  additional  information  is  printed 
out  on  Fig.  Al  to  aid  in  trouble  shooting  the  thrust  system. 

Column  5  is  the  count  signal  from  the  data  load 
cell  and  by  applying  the  R-cals  for  this  channel  the  calculated 
force  tabulated  in  Col.  9  is  obtained.  This  force  is  used  to 
determine  the  tare  load  on  the  stand  but  is  not  used  in  test 
data  processing .  The  tare  load  is  calculated  as  (FACT  AVG. 

APP.  R-CAL  LD)  -  (FA-1  R-CAL  LD)  or  as  (Col.  4  “  Col.  9)  and 
is  tabulated  in  Col.  10.  This  tare  load  (Col,  10)  is  also 
plotted  on  Fig.  A 7  for  tare  1  (using  FA-1)  and  Fig.  A8  for 
tare  2  (using  FA-2) .  These  can  have  ±10  lbs  scatter  but 
should  be  linear.  To  help  compile  a  history  of  the  stand 
c haract eristics ,  a  least  square  curve  fit  is  applied  to  the 
tare  load  (Col .  10)  and  the  constants  (A ,  B,  C)  for  this 
curve  are  titled,  "Positive  Tare  Coefficients"  and  are 
listed  directly  above  Col.  7  through  Col.  10,  Fig.  Al.  The 
curve  using  these  constants  are  evaluated  at  load  levels  of 
5,000,  10,000  and  20,000  lbs,  and  this  calculated  tare  is 
tabulated  as  "calculated  tare",  Fig.  Al.  These  tare  loads 
should  be  repeatable  (±8  lbs)  from  calibration  to  calibration. 

The  thrust  calibration  program  applies  the  same 
procedures  discussed  previously  on  the  remaining  thrust  channel 
(FA-2)  and  both  data  bridges  (FA-1,  FA -2)  for  the  drag  cycle. 
The  data  are  shown  in  Fig.  A3  through  Fig .  A10,  but  will  not 
be  discussed . 

Several  major  areas  can  be  checked  to  evaluate  a 
thrust  cal  and  are  discussed  as  follows : 
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1.  Column  2  •-  Cal  load  cell  deviation  from  avg. 

a.  Eighty  to  90  percent  of  these  should  be: 

<  15  lbs,  thrust  cycle 

<  10  lbs,  drag  cycle 

2 .  Column  7  ~  curve  fit  error 

a.  This  should  compare  closely  with  Col .  2  and  the 
limits  will  be  the  same. 

b.  This  includes  one  bridge  of  the  data  load  cell 
and  a  bad  bridge  or  stand  interference  will 
indicate  large  deviations  (consistent  deviations  > 
20  lbs) 

3.  Column  9  -  R-cal  data  load 

a.  This  should  start  at  zero  (±10  lbs) 
check  beginning  and  end  of  drag  cycle 

4.  Column  10  and  Fig.  7  ~  Tare 

a.  Tare  should  be  linear  (±15  lbs) 

b.  Hysteresis  <  15  lbs 

c.  Calculated  tare  at  5K,  10K  and  20K  should 
compare  to  previous  cals  (±  10%) 

5.  RN-0  Load 

Should  be  zero  (±10  lbs) 

6.  Column  4,  Column  9 

a.  The  max  load  should  not  go  above  25,000  lbs 
or  the  count  level  in  Cols.  2  and  5  will  be 
approaching  16,383  which  is  a  SEL  max  level. 
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